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We performed tunneling spectroscopy on high quality superconducting YNdxBa22xCu3O72d thin films using
a low-temperature scanning tunneling microscope. Superconducting regions show very well-defined gap struc-
tures. Disorder introduced by Nd substitution at the Ba site dramatically affects locally the quasiparticle density
of states. The measurements show that the impurities induce surface resonant states at energies very close to
the Fermi energy, typical of a d-wave superconductor.
DOI: 10.1103/PhysRevB.65.214506 PACS number~s!: 74.76.Bz, 68.37.Ef, 68.55.LnImpurity states in superconductors provide a wealth of
information on the pairing symmetry and mechanism
through the local density of states and its spatial variation.
Special attention has been given to nonmagnetic impurities
that affect the local order parameter in conventional super-
conductors only weakly but are strong pair breakers for the
higher orbital momentum states of d-wave
superconductors.1–3 Scanning tunneling spectroscopy is an
ideal tool to examine the local density of states ~LDOS! in
the superconducting state with high spatial and energy reso-
lution. Recently impurity scattering studies have been per-
formed in Nb ~Ref. 4! and Bi2Sr2CaCu2O81d ~BSCCO!
~Refs. 5–7! single crystals. For nonmagnetic impurities in
Nb no effects on the LDOS was observed, whereas in
BSCCO single-crystals quasiparticle resonances at low ener-
gies were found at the impurity site, a clear evidence for
unconventional pairing mechanism.
Although systematic scanning tunneling studies have been
carried out on BSCCO single crystals8–10 and some recent
measurements have also been reported for BSCCO thin
films,11 scanning tunneling microscope ~STM! technique has
proven more challenging for YBa2Cu3O72d ~YBCO! ~Ref.
12! due to difficulties with surface preparation. Tunneling
spectroscopy over a single oxygen vacancy in the Cu-O
chain of YBCO single crystals has been reported13 and qua-
siparticle scattering states have been recently reported for
YBCO both in form of thin films and single crystal.14,15
In this paper we present a report on scanning tunneling
spectroscopy studies of YNdxBa22xCu3O72d ~YNBCO! thin
films. This system is very similar to YBCO with exception
that Nd substitution in Ba site introduces quasiparticle scat-
tering centers. The observed scanning tunneling spectros-
copy ~STS! spectra far away from the impurity site are quite
similar to YBCO spectra reported earlier12,16 whereas the
spectra near impurities show a pronounced resonance at en-
ergy close to the Fermi level. This signature in the tunneling
spectra has been predicted to be an evidence of unitary limit
scattering in d-wave superconductors.
YNBCO films have been deposited by high-pressure oxy-
gen dc sputtering.17 The planar targets used for the deposi-
tion had composition Y1Nd0.1Ba1.9Cu3O7 . The films were
deposited on LaAlO3 or SrTiO3 ~100! substrates at high pres-
sures ranging between 1.4 and 2.0 Torr. A deposition tem-0163-1829/2002/65~21!/214506~5!/$20.00 65 2145perature of about 850 °C and a total pressure of 1.6 Torr
produced the best films. The gas mixture was composed
mainly of pure O2 with a small percentage of Ar ~about 5%!.
After the deposition the oxygen pressure was increased to
400 Torr and the substrate temperature was gradually re-
duced to 500 °C over 30 min. Finally, the films were an-
nealed at 500 °C in 400 Torr of partial oxygen pressure for 1
h. After the deposition the samples chosen for the STM mea-
surements were transferred at a pressure lower than
1027 Torr to a fast-entry introchamber where the samples
were hermetically sealed in a glass container filled with ul-
trahigh purity Ar gas.
u-2u x-ray spectra showed that the films are c axis ori-
ented with a full width at half maximum ~FWHM! of the
~001! rocking curve less than 0.08°.17 These values were
routinely obtained and reveal high structural quality of the
samples. The maximum superconducting critical temperature
Tc achieved was about 86 K with a transition width lower
than 1 K. The amount of Nd excess, estimated by energy
dispersive x-ray analysis ~EDX! in combination with x-ray
simulations of the measured spectra, was about 3–4% in
YNBCO optimized films. In particular the systematic
changes of the c-axis peak intensity and position in the u-2u
x-ray spectra with Nd doping cannot be explained by pos-
sible substitution of Nd at the Y site or by oxygen underdop-
ing. Indeed the c axis of each YNBCO sample is always
shorter than the c axis of optimally doped YBCO films, while
both Nd substitution at the Y site and oxygen deficiency
would increase the c axis @the NdBa2Cu3O72d ~NBCO! unit
cell is 11.75 Å long#. Also the relative change of the peak
intensity ratios I(005)/I(007) and I(006)/I(007) is in quali-
tative agreement with a partial substitution of Nd at Ba sites.
The room-temperature resistivity of a typical YNBCO
film obtained by a four-point probe technique gives a value
of 80 mV cm, which is comparable to that of a typical YBCO
film. The nonzero value of the intercept resistance at T50,
indicates the existence of a residual scattering rate due to
impurities. The impurities could be related to the Nd substi-
tution of Ba, since stoichiometric YBCO thin films,18 grown
in the same preparation system under identical growth con-
ditions, show zero residual resistivity. Third-harmonic induc-
tive measurements, show a critical current density Jc of 3.5
3107 A/cm2 at 4.2 K. Finally, Hall effect measurements at©2002 The American Physical Society06-1
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of carriers about 23102 cm23.
We performed our experiment using a home made low-
temperature STM operating at 4.2 K in helium exchange gas.
We used electrochemically etched Pt-Ir tips. The measure-
ments were performed on as-grown thin films, which were
kept in inert atmosphere before the experiment.
STM topographic images, as reported in Fig. 1, show sur-
faces characterized by terraces having step height equal to
either one or two c-axis lattice parameters.
The current-voltage (I-V) spectra were recorded at differ-
ent locations on the sample surface by sweeping the bias
voltage of the sample while the tip-sample distance was kept
constant in the open loop condition. The LDOS of the YN-
BCO thin-film surface was obtained by measuring the differ-
ential conductance dI/dV vs V of the tunneling sample-tip
junction with a standard lock-in technique. Typical modula-
tion frequencies were ;0.3–1 kHz and ac modulations am-
plitude ;0.4–1 mV. Assuming that the tip DOS is constant
close to the Fermi energy in first approximation the differen-
tial conductance is proportional to the sample DOS smeared
by the thermal factor ;kT. All the measurements were car-
ried out on the ~001! surface of as-grown films.
In order to achieve reproducible spectroscopy we required
the tunneling current to pass several tests. The only spectra
that we will present show the following features: ~a! tempo-
FIG. 1. ~a! Topographic image of a YNBCO thin-film surface
at T54.2 K obtained in the constant current mode. The scan area
is 300, 200 nm and the imaging parameters are I5100 pA and
V521 V; ~b! Profile of the section AB shown in Fig. 1~a!.21450ral reproducibility of topographic images; ~b! temporal re-
producibility of the spectra; ~c! reproducible spectra as a
function of the tunneling resistance. Another important check
of the junction quality is the exponential decay of the tun-
neling current as a function of the tip-sample distance. In
Fig. 2 a typical tunneling current dependence as a function of
the electrode separation is reported. The exponential fit of the
experimental curve I5I0 exp(21.025AFd), where d is the
tip-sample distance, gives an apparent work function F
50.9 eV, which is a clear signature of a clean vacuum tun-
neling. All the measurements presented in this paper have
been observed in correspondence of an apparent work func-
tion higher than 0.9 eV. Our tunneling spectra are indepen-
dent on the tip-sample separation as demonstrated in the in-
set of Fig. 2, where several dI/dV curves are shown,
recorded at junction resistances ranging between 1 and 3
GV.
Figure 3 shows the essential features of superconducting
LDOS at 4.2 K, in zero magnetic field, obtained at different
locations on the film surface, far from Nd impurity sites.
FIG. 2. Variation of the tunneling current I as a function of the
tip-sample distance d. The circles represent the experimental data
while the solid curve is the result of an exponential fit giving F
50.9 eV. In the inset are reported the conductance curve, normal-
ized at V52100 mV, measured at 4.2 K for different values of the
tunneling resistance ranging between 1 and 3 GV.
FIG. 3. Conductance spectra recorded at 4.2 K at various loca-
tion on the surface of two YNBCO thin film having similar doping
and critical temperature 86 K. For all of them the tunneling resis-
tance is 1 GV.6-2
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ously from STM measurements12 and from planar junctions
by Valles et al.16 on YBCO single crystals. We observe two
gaplike features. The main one corresponds to a broad peak
at 20–30 meV. The second one appears at low energies in the
range of 5–10 meV. The sharpness of the second feature
varies depending on the location on the surface. When the
low-energy feature is pronounced it appears as a peak in the
spectrum while the high-energy feature appears broad. In
contrast, when the low-energy feature appears weaker it
forms a shoulder in the larger gap structure. This subgap
structure is found consistently and is more pronounced and
robust than in STM measurements reported on YBCO
earlier.12 Similar peaks at the above energies were also ob-
served in planar junctions as well as in YBCO and Pr-doped
YBCO single crystals.19,20 It was hypothesized that the
double gap structure could arise from the anisotropy of the
in-plane and out-of-plane values of the superconducting gap
or from a proximity effect between the planes and the
chain.16 According to the anisotropy picture the structures at
5–10 meV and the 20–25 meV can be associated with en-
ergy gaps along the c axis and in the a-b plane, respectively.
This explanation can be ruled out for our spectra, because by
tunneling along the c axis the tunneling current probes only
the a-b plane DOS, due to the two-dimensional character of
the Fermi surface in HTc materials. In the proximity-coupled
picture the small gap arises from the Cu-O chains, which are
driven superconducting by proximity to the planes which are
less than 1 nm away. Since we could not obtain atomic reso-
lution ~which seems to be achievable only for cold cleaved
YBCO single crystals21,22! we could not identify the top
layer from STM images. Therefore it remains unclear why in
some regions the low-energy feature is very well defined @as
in curve ~a! in Fig. 3#. Our data are also consistent with a
chain gap driven by a charge-density wave scenario, as sug-
gested by De Lozanne.22
The zero-bias conductance in all our measurements
ranges between 50 and 70% of the conductance value at 100
meV. This relatively high value of zero-bias conductance has
been reported often in literature12,13,16,19,20 suggesting it
could be an intrinsic property of the material. The back-
ground of the spectra always increases when moving away
from EF , and it also varies from one location to another.
Background with both V shape and asymmetric V shape
were observed. This asymmetry about the zero bias is a com-
mon feature of the tunneling spectra obtained on YBCO and
NBCO single crystals.23 The conductance is stronger at nega-
tive sample bias voltages ~electron tunneling from filled
states of the sample to empty states in the tip! at some loca-
tions, and weaker at other locations. This result is in contrast
to what has been reported for BSCCO single crystals where
the asymmetry of the spectra is always the same.8–10
At some locations the LDOS of the YNBCO surface is
strongly modified and a peak occurs at energies V0 close to
but always below EF , similar to the peak reported in
BSCCO single crystals with Zn impurities.5 On average, the
spectra of the films studied has V0521.760.4 meV, with
FWHM of 4 meV. Spectra with these midgap states are clus-
tered within distances of about 2–4 nm of each other. In Fig.214504 a spectrum recorded at one of these locations is reported
together with one recorded 4 nm away. We interpret these
midgap states as due to Nd impurities. The impurity affects
not only the subgap region of the DOS, but also the width of
the superconducting gap, as shown in Fig. 4.
According to theoretical models a nonmagnetic impurity
in a d wave superconductor will give rise to a bound excita-
tion at energy V0,D0 , where D0 is the energy gap away
from the impurity site. The midgap state energy V0 is deter-
mined by the strength of the scattering potential, giving V0
5EF in the unitary limit. If the impurity scattering is close
enough to the unitary limit, and for a gap function of dx22y2
symmetry at the Fermi surface, the strength of the scattering






where D0 is the energy gap far away from the impurity site,
c5cot(d0) and d0 is the phase shift of the superconducting
order parameter due to the impurity scattering. Using an av-
erage gap D0520– 25 meV and V0521.7 meV, we obtain
a phase shift d050.46p , which confirms that the scattering
is very close to the unitary limit (d05p/2). The resonance
peak is expected to persist up to c→1 where it should appear
very broad and it is expected to disappear for Born scattering
(c@1). According to this scenario the strength of the
impurity-induced contribution is supposed to decay as
(j/r)22 at large distances, where j is the superconducting
coherence length, and is expected to follow spatially, around
the impurity site, a fourfold symmetry of the DOS, aligned
with the d-wave gap nodes. It is worth to outline in this
context that a small s-wave component would be invisible in
an STM experiment. We did not observe the cross-shape pat-
tern of the spatial distribution of the bound states, predicted
theoretically and observed experimentally in the case on Zn
impurity in BSCCO single crystals.5 More detailed high-
resolution spatial measurements are needed to address this
issue.
The scattering resonances are observed far from morpho-
logical features, such as steps and grain boundaries, there-
FIG. 4. Two conductance curve recorded 4 nm apart on a
YNBCO thin-film surface: Both curves have been recorded at 4.2 K
and correspond to a tunneling resistance of 1 GV.6-3
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sponsible for such behavior. The density of the observed
scattering resonance sites is about x54%—in reasonable
agreement with the percentage of Nd excess in YNBCO
films, estimated by EDX analysis in combination with x-ray
simulations of the measured spectra. Oxygen disorder is not
unlikely since Nd excess at Ba site can indeed destroy the
CuO chains. However, it is important to stress that resonance
peaks close to the Fermi energy have never been observed in
high quality YBCO films and crystals, and even in oxygen
underdoped YBCO samples.24 Finally, we would like to
mention that the role of unitary scattering center of Nd ions
at Ba site is perfectly in agreement with the low-temperature
penetration depth measurements performed on NBCO films31
and recently on YNBCO films.25 On the contrary it is well
established that the role of oxygen deficiency is very differ-
ent, since systematic measurements of the penetration depth
of YBCO oxygen underdoped samples suggest, if any, only a
very weak scattering from oxygen vacancies.26 Preliminary
STM measurements, performed on Nd11xBa22xCu3O72d
~NBCO off! thin films, characterized by a larger percentage
of Nd excess (x50.15), show that the density of the reso-
nance sites is correspondingly much higher. These results are
in agreement with our interpretation of the excess Nd ions as
quasiparticle scattering centers responsible for the observed
resonances.
We also observe impurity-induced excitation near other
kinds of pointlike defects on epitaxial film surfaces that
could host midgap states.7 For example, some of the spectra
recorded on the terrace steps show a zero bias conductance
peak. In this case as already reported in the literature for
STM/STS and other tunneling experiment the predominant
a-b contribution to the tunneling current could be the origin
of an Andreev bound state when the incident and the re-
flected quasiparticle experiences a sign change of the order
parameter.27
Resonance peaks close to the Fermi energy have not been
observed in tunneling experiments using planar junctions on
Pr-doped YBCO epitaxial thin films.19,20,28 This tunneling
geometry measures an average spectrum where the impurity
contribution is weighted by its concentration. Recent theoret-
ical calculation for a simple random distribution of unitary
impurities29 show that at low impurity concentration the im-
purity spectral weight will be too small to be experimentally
observed, while at high concentrations the impurity interac-
tions increase the conductance value at zero-bias G(0) with-
out giving rise to a peak.
Our experiment raises interesting questions about the con-
trast between impurity-induced scattering in the YBCO and
BSCCO system. The difference between our experiment and
the BSCCO results reported earlier is that Zn is nonmagnetic21450while a free Nd ion has a finite magnetic moment. The ques-
tion is then what is the magnetic state of Nd in the Ba site
and how the magnetic moment, if any, of the Nd substitute
affects the impurity-induced quasiparticle states.
From the theoretical standpoint recent calculations for
isolated magnetic impurities30 find that the resonance peak
splits into two due to the effective magnetic field. The ques-
tion arises if this splitting is strong enough to be observable
in STS experiments. In general, it is difficult to estimate the
effective magnetic field. Moreover the situation is very dif-
ferent from the case of Zn impurity in BSCCO because in the
latter case Zn is found to preferentially substitute for the Cu
atoms, therefore, it provides a well controlled way of disturb-
ing the CuO2 planes that are believed to be the key element
in all high-Tc superconductors. In YNBCO, on the other
hand, Nd mainly substitutes for Ba and, therefore, the scat-
tering center is outside the CuO2 planes. We cannot rule out
that Nd substitution at the Ba site may induce a free spin in
the CuO plane by disordering the chains. Nevertheless ab-
plane penetration depth measurements reported recently for
epitaxial NBCO off thin films31 seem to quantitatively ex-
clude this possibility showing a behavior that is very similar
to the penetration depth measurements in YBCO single crys-
tals in which Zn impurities are added to introduce disorder32
and, therefore, suggesting that Nd at the Ba site, at low im-
purity concentration, acts as a strong nonmagnetic impurity
scattering center for the carriers in the CuO2 planes. One
possible explanation is that the Nd free spin modifies consid-
erably the antiferromagnetic exchange interaction between
the Cu ions in the CuO2 plane, and this may destroy locally
the superconductivity. A similar mechanisms has been pro-
posed to justify the effect of Zn at Cu sites.
In summary, we performed scanning tunneling spectros-
copy on high-quality YNBCO thin films and studied the ef-
fect of Nd/Ba disorder. The measurements reveal d-wave
spectral structures that show spatial variations. At some lo-
cations on the sample surface a peak close to the Fermi en-
ergy is observed, resembling the spectra reported for BSCCO
single crystals near an atomic scale impurity. The observa-
tion of such feature for the YBCO compound could be attrib-
uted to the quasiparticle resonant states at Nd substitution at
the Ba site. Moreover even though all the measurements
were performed tunneling along the c axis, the presence of a
single unit-cell step is sufficient to induce a zero-bias con-
ductance peak due to surface Andreev bound states.
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